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Using immunocytochemical assays and patch-clamp and calcium-imaging recordings, we demonstrate that L-type and
N-type calcium channels have distinct patterns of expression and distribution and play different functional roles during
hippocampal neuron differentiation. L-type channels, which support the depolarization-induced calcium influx in neurons
from the very early developmental stages, are functionally restricted to the somatodendritic compartment throughout
neuronal development and play a crucial role in supporting neurite outgrowth at early developmental stages. N-type
channels, which start contributing at later neuronal differentiation stages (3–4 DIV), are also functionally expressed in the
axons of immature neurons. At this developmental stage preceding synaptogenesis, N-type (but not L-type) channels are
involved in controlling synaptic vesicle recycling. It is only at later developmental stages (10–12 DIV), when the neurons
have established a clear axodendritic polarity and form synaptic contacts, that N-type channels are progressively excluded
from the axon. Electrophysiological recordings of single neurons growing in microislands revealed that synaptic maturation
coincides with a progressive increase in N-type channels in the somatodendritic region and a progressive decrease in the
N-type channels supporting glutamate release from the presynaptic terminal. These results indicate that L-type and N-type
calcium channels undergo dynamic, developmentally regulated rearrangements in regional distribution and function and
also suggest that different mechanisms may be involved in the sorting and/or stabilization of these two types of channels
in different plasma membrane domains during neuronal differentiation. © 2000 Academic Press
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Calcium influx, which is mediated by the opening of
voltage-dependent calcium channels, triggers a number of
cellular processes, including muscle contraction, second-
messenger cascade activation, regulation of axonal guid-
ance, control of neurotransmitter release, and long-term
changes in neuronal plasticity (for a review see Clapham,
1995). Over the past few years, molecular cloning tech-
niques combined with the use of specific toxins have
allowed the identification of an unexpected variety of
calcium channels, which have been classified into different
groups (referred to as T, L, N, P, Q, and R) on the basis of
their physiological and pharmacological properties (for re-
views, see Tsien et al., 1988; Bean, 1989; McCleskey, 1994).
n most cases, multiple calcium channel types coexist in
he same neuron and it has been speculated that they may o
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.ontribute toward different neuronal functions, possibly
epending on their localization (Doughty et al., 1998; Wu et
l., 1999).
Previous work on L-type and N-type calcium channels
as demonstrated different localizations in specific areas of
he neuronal surface. L-type channels have been found in
he neuronal somata and proximal dendrites of rat brain,
pinal cord, and retina (Westenbroek et al., 1990; Ahlijanian
t al., 1990), which is consistent with a role in mediating
he increases in intracellular calcium occurring in the cell
ody in response to excitatory inputs to the dendrites.
-type channels have been detected at the release face of
resynaptic nerve terminals at the frog neuromuscular
unction (Robitaille et al., 1990; Cohen et al., 1991; Torri
Tarelli et al., 1991), in the presynaptic calyx-type nerve
erminals of chick ciliary ganglia, and in the medial nucleus
f the trapezoid body in rat (Haydon et al., 1994; Wu et al.,
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582 Pravettoni et al.1999). These data, together with a number of functional
findings (for reviews see Miller, 1990; Dunlap et al., 1995;
sien et al., 1995; Stanley, 1997), clearly indicate that
-type channels play a role in supporting neurotransmitter
elease. However, it is interesting to note that they have
lso been found on the somata, throughout the dendritic
rbor, and on the dendritic spines of CA1 neurons in
ippocampal brain slices, thus suggesting that they may
lso participate in the generation of calcium conductances
n distal dendrites (Mills et al., 1994).
Although the localization of different subtypes of cal-
ium channels has been relatively widely investigated in
ature neurons, much less is known about the processes
eading to this distribution during neuronal development
nd synaptogenesis.
We used primary cultures of hippocampal neurons to
nvestigate the functional localization of N-type and
-type channels during neuronal development. Cultured
ippocampal neurons are a widely used model for study-
ng the expression and localization of pre- and postsyn-
ptic markers during development and synaptogenesis
for references see Verderio et al., 1999a) because they
cquire axons and dendrites by means of a stereotyped
equence of developmental events (Dotti et al., 1988;
raig and Banker, 1994). A few hours after plating, they
evelop a few short minor processes (stage 2), one of
hich then begins to elongate rapidly and becomes the
ell axon after 2–3 days in culture (stage 3); the remaining
rocesses subsequently become dendrites (stage 4). Fi-
ally, the neuronal processes become interconnected,
nd axosomatic and axodendritic synaptic contacts are
ormed in a more or less synchronous fashion (stage 5)
Bartlett and Banker, 1984; Dotti et al., 1988). Using this
xperimental model, we have previously found that the
-type channel blocker v-conotoxin GVIA (v-Cgtx-
GVIA) substantially reduces glutamate release before
synaptogenesis, but is much less effective afterward
(Verderio et al., 1995). These data suggested that a switch
in the population of calcium channels controlling neuro-
transmitter release takes place during neuronal develop-
ment.
In this study, we used v-Cgtx-GVIA and nifedipine
ogether with patch-clamp and calcium-imaging record-
ngs in order to examine the components of N-type and
-type calcium channels and their functional distribution
uring neuronal maturation. Our results indicate that
-type and L-type calcium channels contribute differ-
ntly to the calcium influxes occurring in distinct neu-
onal compartments (axons, presynaptic terminals, soma-
odendritic regions) and that their relative contributions
n the different areas of neuronal membrane undergo
ynamic changes during development. We also demon-
trate that the activation of N-type and L-type calcium
hannel subtypes is related to specific cell functions that
epend on their localization.
Copyright © 2000 by Academic Press. All rightMATERIALS AND METHODS
Hippocampal Cell Cultures
Primary neuronal cultures were prepared from the hippocampi of
18-day-old fetal rats as described by Banker and Cowan (1977) and
Bartlett and Banker (1984). Briefly, the hippocampi were dissoci-
ated by means of treatment with trypsin (0.25% for 15 min at
37°C), followed by trituration with a fire-polished Pasteur pipette.
The dissociated cells were plated onto glass coverslips coated with
poly-L-lysine in MEM with 10% horse serum at densities ranging
from 250,000 to 400,000 cells/cm2. After a few hours, the coverslips
were transferred to dishes containing a monolayer of cortical glial
cells (Booher and Sensenbrenner, 1972) in such a way that they
were suspended over the glial cells but not in contact with them
(Bartlett and Banker, 1984). The cells were maintained in MEM
(Gibco) without sera, supplemented with N2 (Gibco), 2 mM glu-
tamine, and 1 mg/ml BSA (neuronal medium). A modification of
the method of Furshpan et al. (1976) was used to grow single
neurons on small islands of substrate consisting of a fine mist of
poly-L-lysine sprayed onto glass coverslips.
Fura-2 Videomicroscopy and Electrophysiology
The neurons were loaded for 30 min at 37°C with 2– 4 mM
ura-2 pentacetoxymethyl ester in Krebs–Ringer solution buff-
red with Hepes (KRH) (150 mM NaCl, 5 mM KCl, 1.2 mM
gSO4, 2 mM CaCl2, 10 mM glucose, 10 mM Hepes/NaOH, pH
7.4), washed in the same solution to allow the deesterification of
the dye, and transferred to the recording chamber of an inverted
microscope (Axiovert 100, Zeiss) equipped with a calcium-
imaging unit. A modified CAM-230 dual-wavelength microfluo-
rimeter (Jasco, Tokyo, Japan) was used as a light source for the
assays. The fluorescence images were collected using an Inten-
sified CCD camera (Hamamatsu Photonics) and digitized and
integrated in real time in an image processor developed in the
laboratory (Grohovaz et al., 1991). The image files were pro-
cessed offline in order to convert the fluorescence data to
340/380 nm ratio images. Some of the experiments were per-
formed using the Axon Imaging Workbench 2.2 equipped with a
PCO SuperVGA SensiCam (Axon Instruments, U.S.A.). The ratio
values in discrete areas of interest were calculated from se-
quences of images in order to obtain temporal analyses. The
images were acquired at 1–3 340/380 ratios/s.
Conventional electrophysiology whole-cell patch clamping was
performed using an Axopatch 200B amplifier (Axon Instruments)
controlled by a personal computer. During data acquisition and
analysis, pClamp (Axon Instruments) and Origin (Microcal, Inc.,
U.S.A.) software were routinely used. The pipette solution for the
voltage-clamp recordings was cesium gluconate 140 mM, MgCl2 2
M, Hepes 10 mM, EGTA 1 mM, Na2-ATP 4 mM, Tris–GTP 300
mM, and cAMP 200 mM. The external solution for recording the
excitatory autaptic currents was NaCl 140 mM, KCl 3 mM, MgCl2
1 mM, CaCl2 2 mM, Hepes 10 mM, glucose 24 mM; the external
olution for recording the calcium currents was NaCl 80 mM, KCl
mM, MgCl2 1 mM, BaCl2 10 mM, Hepes 10 mM, tetraethylam-
onium chloride (TEA-Cl) 50 mM, 4-aminopyridine (4-AP) 5 mM,
etrodotoxin 1 mM, glucose 24 mM.
During most of the calcium-imaging experiments, the drugs
were applied in 2 ml of solution. The various reagents were
added by loading appropriate volumes of 100X concentrated
solutions into a syringe connected to the incubation chamber via
a small tube; aspiration into the syringe of 1 ml of incubation
s of reproduction in any form reserved.
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583Calcium Channels in Hippocampal Neuronsmedium followed by the reintroduction of the mixture into the
chamber ensured accurate and rapid (,1 s) delivery and mixing.
In the electrophysiological experiments and a subset of the
calcium-imaging experiments, the drugs were applied using a
gravity perfusion system through a multibarreled pipette tip
positioned 100 –200 mm from the cell bodies. The experiments
ere performed at room temperature (RT; 23–25°C).
Immunocytochemistry
An immunocytochemical assay based on antibodies directed
against the intravesicular domain of rat synaptotagmin I (Syt-
ecto Abs) was used to test the recycling ability of synaptic
vesicles. In particular, the cultures were incubated with Syt-ecto
Abs for 5 min in the presence of 55 mM KCl, and the cells were
then fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
containing 0.12 M sucrose for 25 min at RT. The fixed cells were
detergent-permeabilized and labeled with rhodamine-conjugated
anti-rabbit antibodies (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) as previously described (Matteoli et al.,
992). In different sets of experiments, the cultures were stained
ith antibodies directed against SV2 (a kind gift from Dr. K.
uckley, Harvard Medical School), synaptophysin (a kind gift
rom Dr. R. Jahn, Gottingen, Germany), MAP2 (Boehringer
annheim Biochemicals, Indianapolis, IN), and b-tubulin
(Sigma Italia), as previously described (Verderio et al., 1999b).
The coverslips were mounted in 70% glycerol in phosphate
buffer containing 1 mg/ml phenylendiamine, and the cells were
photographed using Kodak TMAX 400 film on a Zeiss Axiophot
microscope equipped with epifluorescence microscopy or ac-
quired using a Bio-Rad MRC-1024 confocal microscope equipped
with LaserSharp 3.2 software.
Functional Assays
In order to study the recycling of synaptic vesicles, the cultures
were incubated with Syt-ecto Abs for 5 min at 37°C in control
medium (Matteoli et al., 1992) or in a medium containing the
alcium channel blockers (nifedipine, 1 mM; v-Cgtx-GVIA, 300
nM). The cells were fixed, detergent-permeabilized, and labeled
with rhodamine-conjugated anti-rabbit antibodies (Jackson Immu-
noresearch) as previously described (Matteoli et al., 1992; Coco et
al., 1998), and the neurons were then counterstained using mouse
monoclonal antibodies directed against the synaptic vesicle protein
SV2. The coverslips were mounted in 70% glycerol in phosphate-
buffered saline containing 1 mg/ml phenylendiamine. The prepa-
rations were examined using a Bio-Rad MRC-1024 confocal micro-
scope equipped with LaserSharp 3.2 software, and the amount of
internalized antibodies was evaluated as previously described
(Coco et al., 1998; Verderio et al., 1999b).
In order to study neurite outgrowth, the neurons were grown
nder control conditions or in the presence of the calcium channel
lockers (nifedipine, 1 mM; v-Cgtx-GVIA, 300 nM) for 36–48 h.
The cells were fixed and bright-field images acquired using a PCO
SuperVGA SensiCam camera. Neurite length was measured using
software from the National Institutes of Health (NIH Image 1.48).
Chemicals
Most of the chemicals (APV, CNQX, nifedipine, and TTX)
came from Tocris Cookson (Bristol, UK), Fura-2/AM from Cal-
biochem Behring Corp. (La Jolla, CA), and v-Cgtx-GVIA from (
Copyright © 2000 by Academic Press. All rightAlomone Laboratories (Jerusalem, Israel) and Bachem (Buben-
dorf, Switzerland).
Statistical Tests
Independent Student t tests were used to assess significance. The
differences were considered significant if P , 0.05 (indicated by * in
ll of the figures; those with a P , 0.01 are indicated by **). The
ata points represent mean values 6 standard error of the mean.
RESULTS
Calcium Influx through Voltage-Operated Calcium
Channels Is Differently Blocked by Nifedipine and
v-Cgtx-GVIA in Neurons at Early Stages of
Development
To resolve the presence of functional calcium channel
subtypes in processes during neuronal differentiation in
vitro, hippocampal cultures at early developmental
stages were loaded with the calcium indicator Fura-2 and
digitally imaged upon depolarization with 55 mM KCl in
controls and after the application of nifedipine and
v-Cgtx-GVIA (which are respectively considered specific
lockers of L-type and N-type calcium channels). Eigh-
een hours after plating (stage 2 neurons; Dotti et al.,
988; Figs. 1a–1c), 1 mM nifedipine greatly inhibited the
depolarization-induced increases in [Ca21] i in the cell
ody and developing neurites (Fig. 1d), but 300 nM
v-Cgtx-GVIA was largely ineffective (Fig. 1d), thus indi-
ating that L-type channels mainly mediate
epolarization-induced calcium influx at early develop-
ental stages (percentage of block on neuronal cell body,
ifedipine, 92.54 6 4.18 (mean 6 SE), n 5 7; v-Cgtx-
VIA, 13.07 6 4.15, n 5 7, P , 0.001; percentage of block
n neurites, nifedipine, 77.32 6 5.9, n 5 6; v-Cgtx-GVIA,
9.73 6 6.47, n 5 6, P , 0.001) (Fig. 1e).
At later stages of development, one process starts elon-
ating more rapidly than the others and differentiates into
n axon. At this stage, on the basis of morphological
riteria, the axon can therefore be identified as the longest
rocess (Dotti et al., 1988; arrowheads, Fig. 2). In 3-DIV
tage 3 neurons (Fig. 2a), nifedipine was still largely effec-
ive in inhibiting the depolarization-mediated increases in
Ca21]i, but its effect was mainly restricted to the somato-
dendritic region; Fig. 2b shows that it did not lead to a
substantial reduction in the depolarization-induced in-
creases in [Ca21]i in the axon. On the contrary, 300 nM
v-Cgtx-GVIA substantially inhibited the calcium influxes
occurring in the same axon (Fig. 2b) and axonal growth cone
(Figs. 2d, 2e, and 2g). At this developmental stage, both
axons and growth cones are characterized by the accumu-
lation of synaptic vesicles (Fig. 2f, also see Fig. 4; for
references see Matteoli et al., 1992; Mundigl et al., 1993).
oth v-Cgtx-GVIA and nifedipine reduced the KCl-induced
ncreases in [Ca21]i in the neuronal cell body and dendrites
Fig. 2b). A quantitative analysis of the percentage blockade
s of reproduction in any form reserved.
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584 Pravettoni et al.produced by the two channel antagonists in the axons of
neurons at early developmental stages is shown in Fig. 2c
(percentage of block produced by nifedipine, 25.8 6 3, n 5
FIG. 1. Nifedipine but not v-Cgtx-GVIA blocks depolarizatio
Pseudocolor images of two stage 2 neurons (0.75 DIV) loaded w
stimulation with 55 mM KCl. (c) Immunostaining of the same neu
recorded from the cell body and neurite, as indicated in a (o). Note
cell body and neurite, whereas v-Cgtx-GVIA is almost completely
mm). (e) Histograms illustrating the percentages of block produced
in [Ca21]i in the cell body and neurites.2; percentage of block produced by v-Cgtx-GVIA, 43.29 6 L
Copyright © 2000 by Academic Press. All right.6, n 5 10) (P 5 0.009). These data suggest that the axons
f developing neurons are endowed with functional N-type
hannels; the relative contribution of functional axonal
uced calcium influxes in undifferentiated neurons. (a and b)
he calcium indicator Fura-2 and imaged before (a) and after (b)
for b-tubulin. (d) Temporal analysis of 340/380 fluorescence ratio
nifedipine greatly inhibits the increases in [Ca21]i occurring in the
ective. KCl applications are indicated by arrows (calibration bar, 6
ifedipine or v-Cgtx-GVIA on the depolarization-induced increasesn-ind
ith t
rons
that
ineff
by n-type calcium channels appears to be significantly less.
s of reproduction in any form reserved.
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585Calcium Channels in Hippocampal NeuronsFIG. 2. Nifedipine and v-Cgtx-GVIA differentially block calcium influxes through voltage-operated calcium channels in the axons of neurons
at early developmental stages. (a) Pseudocolor image of a stage 3 neuron (3 DIV) loaded with the calcium indicator Fura-2 and imaged under
control conditions. Calibration bar, 10.8 mm. The arrowheads indicate the developing axon. (b) Temporal analysis of 340/380 fluorescence ratio
from the cell body, dendrite, and axon of the neuron shown in a (o). Note that the increases in [Ca21]i induced by 55 mM KCl (applications of KCl
re indicated by arrows) are significantly reduced by both nifedipine and v-Cgtx-GVIA in the cell body and dendrite, but only v-Cgtx-GVIA
reatly inhibits the increases in [Ca21]i occurring in the axon. (c) Histogram illustrating the percentages of block produced by 1 mM nifedipine and
00 nM v-Cgtx-GVIA on the calcium influxes induced by depolarization in the axons of neurons at early developmental stages. **Highly
ignificant difference (P , 0.01) between the two categories (see text for quantitative details). (d and e) Pseudocolor images of an axonal growth
one of a stage 3 neuron recorded under control conditions (d) and after 55 mM KCl (e). (f) Double immunolabeling of the same growth cone with
ntibodies against b-tubulin (green) and antibodies against the synaptic vesicle protein synaptophysin (red). Note the accumulation of synaptic
esicles in this compartment. Calibration bar, 5 mm. (g) Temporal analysis of the 340/380 fluorescence ratio from the axon and growth cone
shown in d (o). Calcium transients are efficiently inhibited in the growth cone by v-Cgtx-GVIA but not by nifedipine. In all cases, the arrows
indicate KCl applications.
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586 Pravettoni et al.Functional Role of L-Type and N-Type Calcium
Channels in Neurite Outgrowth and Synaptic
Vesicle Recycling at Early Developmental Stages
Hippocampal neurons at the development stages preced-
ing synaptogenesis are not characterized by sufficient spon-
taneous electrical activity to activate HVA calcium chan-
nels. To understand whether the presence of these channels
might be functionally relevant even under basal conditions,
hippocampal cultures were treated with nifedipine or
v-Cgtx-GVIA, and neurite outgrowth and synaptic vesicle
recycling were considered as functional parameters. Stage 2
neurons (1 DIV) were grown in the chronic presence of 1 mM
ifedipine or 300 nM v-Cgtx-GVIA, and axonal length was
measured 48 h later. In line with the sequential expression
of L-type and N-type channels in developing neurites during
this time interval (see Figs. 1 and 2), nifedipine and v-Cgtx-
GVIA respectively led to a 28.8 and a 32.2% reduction in
axonal length (Fig. 3a) (axonal length measurements: ctrl,
194.38 6 15.64 mm, n 5 15; nifedipine, 138.17 6 16.47 mm,
5 18; v-Cgtx-GVIA, 131.79 6 13.1, n 5 19). In accordance
ith the selective exclusion of L-type channels from the
eveloping axons of stage 3 neurons (Fig. 2), v-Cgtx-GVIA,
ut not nifedipine, led to a 32.74% reduction in axonal
ength after 48 h of treatment starting on culture day 3
axonal length measurements: ctrl, 255.63 6 30.79 mm, n 5
11; nifedipine, 258.88 6 34.87 mm, n 5 18; v-Cgtx-GVIA,
71.64 6 22.73, n 5 15) (Fig. 3b). Interestingly, despite the
presence of functional L-type and N-type channels in den-
drites, neither nifedipine nor v-Cgtx-GVIA had a significant
effect on dendritic outgrowth (not shown). This finding is in
agreement with a previous report indicating a specific effect
of the depolarization- and voltage-dependent activation of
calcium channels on axonal but not dendritic outgrowth in
cultured neurons (Ramakers et al., 1998).
Cultured hippocampal neurons at the developmental
tages preceding synapse formation are characterized by the
ccumulation of synaptic vesicles undergoing active exo–
ndocytotic recycling in the axon and growth cone (Mat-
eoli et al., 1992; Mundigl et al., 1993; Kraszewski et al.,
995; Coco et al., 1998; Verderio et al., 1999b). To evaluate
he synaptic vesicle exocytosis, neurons were exposed to
ntibodies directed against the intravesicular domain of the
ynaptic vesicle protein synaptotagmin for 5 min in saline.
hese antibodies become internalized in the lumen of
ynaptic vesicles in parallel with cycles of exo–endocytosis
Matteoli et al., 1992; Coco et al., 1998; Verderio et al.,
1999b). Figures 4d–4f show that the acute application of
v-Cgtx-GVIA leads to a reduction in the extent of synaptic
vesicle recycling (37% inhibition) in the axon of stage 3
neurons (compare with control neurons, Figs. 4a–4c). At the
same developmental stage, nifedipine had no significant
effect on synaptic vesicle recycling (see Fig. 4h for the
quantitative analysis: control n 5 46, nifedipine n 5 54,
v-Cgtx-GVIA n 5 58). On the contrary, the acute applica-
tion of nifedipine substantially inhibited synaptic vescicle
recycling (45% reduction) in the neurites of stage 2 neurons,
Copyright © 2000 by Academic Press. All righthich is in line with the presence of L-type channels in
eveloping processes at an earlier stage of differentiation
see Fig. 4g for the quantitative analysis: control n 5 43,
ifedipine n 5 57). These data indicate that L-type and
-type calcium channels may contribute to both neurite
utgrowth and synaptic vesicle exocytosis and that their
ffective contributions crucially depend on their localiza-
ion in specific neuronal compartments at different devel-
pmental stages.
Progressive Reduction in N-Type Calcium Channel
Expression in Axons during Development
in Culture
We next investigated the functional contribution of
L-type and N-type calcium channels in different neuronal
FIG. 3. N-type and L-type calcium channels support axonal
outgrowth according to their localization in the neuronal process.
(a and b) Histograms illustrating the percentages of axonal length
produced by 48-h treatment with 1 mM nifedipine or 300 nM
v-Cgtx-GVIA in comparison with control in stage 2 (a) and stage 3
neurons (b). A significant reduction is selectively produced by
nifedipine and v-Cgtx-GVIA in stage 2 neurons and by v-Cgtx-
GVIA in stage 3 neurons.regions in stage 4 neurons (10 –15 DIV), which are fully
s of reproduction in any form reserved.
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587Calcium Channels in Hippocampal Neuronspolarized and have morphologically and biochemically
differentiated dendrites (Dotti et al., 1998). Figure 5
shows that nifedipine selectively reduces depolarization-
induced [Ca21] i transients in the neuronal cell body and
endrites (Figs. 5a–5e), as already shown in stage 3
eurons (Fig. 2). It is worth noting that, at this develop-
ental stage, v-Cgtx-GVIA (Figs. 5f–5h) also specifically
FIG. 4. Role of N-type and L-type calcium channels in synaptic
vesicle recycling before synaptogenesis. (a–f) Exocytosis-dependent
uptake of Syt-ecto Abs applied for 5 min in living neurons (stage 3)
before synaptogenesis, under control conditions (b) or in the
presence of v-Cgtx-GVIA (e). (a and d) Double immunofluorescence
for synaptic vesicle protein SV2 in the same neurons as in b and e.
(c and f) Merged images of the staining shown in a and b (c) and d
and e (f) (calibration bar a–c, 16 mm; d–f, 28 mm). Note the
considerable reduction in Syt-ecto Ab internalization produced by
v-Cgtx-GVIA in the axon. (g) Quantitative analysis of Syt-ecto Ab
(P65 ecto) internalization in the neurites of stage 2 neurons
incubated in control medium or in the presence of 1 mM nifedipine.
(h) Quantitative analysis of Syt-ecto Ab (P65 ecto) internalization
in the axons of stage 3 neurons incubated in control medium or in
the presence of 1 mM nifedipine or 300 nM v-Cgtx-GVIA.affected calcium influxes in the somatodendritic region, 0
Copyright © 2000 by Academic Press. All rightbut was almost completely ineffective in the axon. The
axons in stage 4 neurons can be identified on the basis of
their thin and constant diameter (Figs. 5a, 5c, and 5d,
arrowheads) or by the lack of immunostaining with
antibodies against somatodendric cytoskeletal
microtubule-associated protein 2 (MAP2) (Figs. 5f and
5g).
Figure 6 summarizes the extent of the blockade produced
by 300 nM v-Cgtx-GVIA on the axons of neurons at
ifferent stages of culture development: the blockade pro-
ressively decreases with development, thus suggesting
hat a decrease in the functional expression of N-type
alcium channels takes place in this compartment during
ifferentiation in vitro. The percentages of block produced
n the axon by v-Cgtx-GVIA (Fig. 5) were 44.7 6 5% (4–7
DIV, n 5 9), 19.75 6 3.6% (9–12 DIV, n 5 7, P 5 0.01), and
12.4 6 3.6% (.15 DIV, n 5 7, P 5 0.0009). This reduction
occurred without any significant alteration in the total
calcium influx induced by KCl (not shown). In all cases, the
nonspecific calcium channel blocker cadmium (200 mM)
ompletely abolished the residual calcium signal in the
xon (not shown).
Analysis of L-Type and N-Type Calcium Currents
in the Cell Body of Neurons at Early and Late
Stages of Development in Culture
To investigate the functional contribution of L-type
and N-type calcium channels in the cell body of hip-
pocampal neurons at different developmental stages, the
neurons were patch-clamped and recorded in voltage-
clamp configuration. The calcium currents were elicited
by step depolarizations from a preconditioning step of
2100 mV to various membrane potentials (holding po-
tential 260 mV), and the currents were measured at
steady state before and after the application of 1 mM
ifedipine or 1 mM v-Cgtx-GVIA. Figures 7a and 7b (right)
show the current–voltage relationships of current inten-
sity at each step potential before and after drug applica-
tions in neurons at different developmental stages. The
administration of nifedipine or v-Cgtx-GVIA led to a
decrease in whole-cell calcium currents at both early
(stage 3 neurons, 3–5 DIV) and late developmental stages
(stage 4 neurons, 10 –15 DIV). Nifedipine led to a more
effective blockade than v-Cgtx-GVIA before synaptogen-
esis, but the opposite was true after the formation of
synaptic contacts. The steady-state measurements of the
calcium currents elicited at 210 mV (Figs. 7a and 7b, left)
indicated a percentage of nifedipine blockade of respec-
tively 51.55 6 4.6 (mean 6 SEM) (n 5 15) and 18.33 6
.75% (n 5 7) at early and late developmental stages (P 5
.0003); the corresponding percentages for v-Cgtx-GVIA
were 22.02 6 5.4 (n 5 6) and 60.39 6 6.1% (n 5 7) (P 5.0007) (Fig. 7c).
s of reproduction in any form reserved.
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Calcium Channels in Presynaptic and Postsynaptic
Compartments during the Maturation of Synaptic
Contacts
The main process occurring in hippocampal cultures after
10–12 DIV is the establishment of a dense network of synaptic
contacts (Bartlett and Banker, 1984; Verderio et al., 1999a). To
nvestigate the relative contribution of functional N-type
FIG. 5. Nifedipine and v-Cgtx-GVIA block the depolarization-ind
but not in the axon, of fully polarized neurons. (b–d) Pseudocolor
calcium indicator Fura-2 and imaged under control conditions (b), a
KCl in the presence of nifedipine (d). (a) A bright-field image of the
a thin and constant diameter. Calibration bar, 22 mm. (e) Temporal
and axon of the neuron shown in b. Note that nifedipine reduces t
no effect in the axon (also compare c and d). (f) Pseudocolor image
Fura-2 and imaged under control conditions. (g) Immunostaining of
MAP2 immunostaining. Calibration bar, 12 mm. (h) Temporal ana
the neuron shown in f and g. Note that v-Cgtx-GVIA inhibits KCalcium channels in presynaptic terminals and neuronal cell
Copyright © 2000 by Academic Press. All rightodies during the establishment and maturation of synaptic
ontacts, we used embryonic hippocampal neurons grown on
oly-L-lysine microislands (Furshpan et al., 1976; Bekkers and
tevens, 1991; Reid et al., 1998). Neurons grown under these
experimental conditions form functional synaptic contacts
(autapses) characterized by actively recycling vesicles (Fig. 8a),
and the autaptic currents are blocked by glutamate receptor
antagonists (Fig. 8b). This experimental model therefore al-
calcium influxes occurring in the somatodendritic compartment,
ges of a stage 4, fully polarized neuron (15 DIV) loaded with the
timulation with 55 mM KCl (c), and after stimulation with 55 mM
neuron. Arrowheads indicate the axon, which is characterized by
ysis of the 340/380 fluorescence ratio from the cell body, dendrite,
creases in [Ca21]i occurring in the cell body and dendrites, but has
fully polarized neuron (15 DIV) loaded with the calcium indicator
ame neuron for the somatodendritic marker MAP2. The axon lacks
of the 340/380 fluorescence ratio from a dendrite and the axon of
ced [Ca21]i transients in the dendrite, but not in the axon.uced
ima
fter s
same
anal
he in
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lysislows the simultaneous study of calcium channels in the cell
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589Calcium Channels in Hippocampal Neuronsbody and presynaptic terminal of the same cell. Excita-
tory autaptic currents (EACs) were elicited after a short
(1.75-ms) voltage jump to 140 mV (Fig. 8b) and their
sensitivity to v-Cgtx-GVIA was tested at 6 –10 DIV and at
2–14 DIV. When the external bath solution was changed
o the calcium current external solution (see Materials
nd Methods), the N-type component could be distin-
uished from the somatic calcium currents as a whole.
-type calcium channels played a role in eliciting neu-
otransmitter release at the early stages of synaptogenesis
Fig. 8d, left trace), but their contribution was much less
ith mature synapses (Fig. 8e, left trace). However, the
onspecific calcium channel blocker cadmium (200 mM)
completely abolished the residual EACs in all cases (not
shown).
On the other hand, and in line with the results obtained
in mass cultures (Fig. 7), v-Cgtx-GVIA affected the somatic
calcium currents of the same neurons to a greater extent
after the maturation of synaptic contacts (Figs. 8d and 8e,
right traces). A quantitative analysis was made of the
percentages of EAC and somatic calcium current block at
both immature and mature synapses (Fig. 8c). The percent-
ages of autaptic current blockade were 45.31 6 7.4% at
early stages (n 5 12) and 18.81 6 8.44% at late stages of
differentiation (n 5 6) (P 5 0.043) (Fig. 8c, left histogram),
but the percentage blockade of calcium somatic currents
increased from 19.34 6 4.78 (n 5 8) to 44.48 6 3.7% (n 5 4)
(P 5 0.006) (Fig. 8c, right histogram). The L-type channel
blocker nifedipine did not reduce autaptic currents at any of
the analyzed developmental stages (not shown). These data
indicate that the reduction in N-type calcium channel
support of glutamate release during synaptic maturation is
paralleled by an increase in the contribution of the same
FIG. 6. Progressive decrease in the functional contribution of
-type calcium channels in the axon during neuronal differentia-
ion in vitro. Percentages of block produced by 300 nM v-Cgtx-
GVIA on the depolarization-induced increases in [Ca21]i in the
xons of neurons at consecutive stages of development. A progres-
ive and significant reduction in the block produced by v-Cgtx-
GVIA parallels neuronal development. **Highly significant differ-
ence (P , 0.01) between the categories (see text for quantitative
details).channels toward sustaining the somatic calcium current.
Copyright © 2000 by Academic Press. All rightDISCUSSION
The role played by distinct populations of calcium chan-
nels in neuronal functions is due not only to their specific
properties (conductance, voltage dependence of activation,
and inactivation), but also to their selective distribution in
specific neuronal regions. In neurons, L-type channels are
mainly present in the somatodendritic compartment (Ahli-
janian et al., 1990; Westenbroek et al., 1990), where they
lay an important role in postsynaptic integration during
asal synaptic transmission and after synaptic plasticity
Yuste and Denk, 1995; Magee and Johnston, 1997; Bi and
oo, 1998; Kapur et al., 1998), whereas the localization of
- and P/Q-type calcium channels on the release face
active zone) of nerve terminals is strategic for their role in
upporting exocytosis (Miller, 1990; Dunlap et al., 1995;
Tsien et al., 1995; Stanley, 1997; Wu et al., 1999). The
present study provides further evidence supporting the
concept that the role played by distinct subtypes of calcium
channels crucially depends on their localization in specific
neuronal compartments.
Using calcium imaging and whole-cell voltage-clamp
recordings in combination with specific pharmacological
tools, we found that N-type and L-type calcium channels
undergo a regional redistribution that parallels the neuronal
differentiation of hippocampal neurons maintained in pri-
mary culture (see Fig. 9). L-type channels are the first to be
functionally expressed during neuronal development and
appear to be enriched in the somatodendritic plasma mem-
brane from very early developmental stages; L-type
channel-mediated calcium entry in neuronal cell bodies and
dendrites is probably relevant for initiating intracellular
regulatory events that may play a role during neuronal
differentiation. The results of this study show that L-type
channels are involved in the early stages of neurite out-
growth, but their contribution to axonal growth completely
disappears in stage 3 neurons, in parallel with their exclu-
sion from the axon. At this stage of development, axonal
growth is associated with N-type channels, which are
present along the axonal plasma membrane and in the
growth cone of early developing neurons (this study; Bahls
et al., 1998).
Before synaptogenesis, neurons are characterized by the
presence of synaptic vesicles located throughout the axon
and which undergo active fusion with the axonal plasma
membrane as a result of a calcium-dependent mechanism
(Matteoli et al., 1992; Kraszewski et al., 1995; Coco et al.,
1998). This and our previous studies (Verderio et al., 1995)
show that N-type calcium channels consistently control
synaptic vesicle recycling and glutamate release at this
developmental stage, but it is interesting to note that
nifedipine (which does not reduce the synaptic vesicle
recycling occurring in the axon) is effective in inhibiting
vesicle recycling at very early developmental stages during
which L-type channels are functionally expressed and colo-
calize with synaptic vesicles in the growing processes.
These results indicate that the subcellular distribution of
s of reproduction in any form reserved.
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590 Pravettoni et al.calcium channels is one of the main factors that determines
their effectiveness in supporting different neuronal func-
tions, such as axonal outgrowth and synaptic vesicle recy-
cling. N-type channels appear to be still involved in con-
trolling glutamate release during the early stages of
synaptogenesis (this study; Scholz and Miller, 1995; Verde-
rio et al., 1995; Iwasaki and Takahashi, 1998; Rosato and
chitel, 1999) shortly after the axon has found its postsyn-
ptic target, thus supporting the idea that there are at least
FIG. 7. Nifedipine and v-Cgtx-GVIA-sensitive calcium currents in
Current–voltage relationships of the calcium currents elicited by
potential 260 mV) to various membrane potentials. The currents w
t steady state before and after the application of 1 mM nifedipine or
currents elicited by a single-step depolarization to 210 mV, at
applications. The pooled results of all experiments are shown in the
that of v-Cgtx-GVIA in neurons at early developmental stages, whome N-type channels at the growth cone and early syn- n
Copyright © 2000 by Academic Press. All rightpses. The further maturation of synaptic contacts coin-
ides with a reduction in N-type channel control of gluta-
ate release, as is indicated by the results of our
xperiments on single neurons growing in microislands.
These data fully support the results previously obtained
n the same experimental model, which indicate that
v-Cgtx-GVIA is poorly effective in inhibiting glutamate
release at mature synapses, but the P/Q-type calcium chan-
nel blocker v-agatoxin IVA plays a predominant role in
ocampal neurons at different developmental stages. (a and b, right)
depolarizations from a preconditioning step of 2100 mV (holding
measured in neurons at early (a) and late (b) developmental stages,
v-Cgtx-GVIA. (a and b, left) Representative traces of the calcium
(a) and late (b) stages of differentiation, before and after drug
gram in c. Note that the nifedipine blockade is more effective than
s the opposite occurs at later stages.hipp
step
ere
1 mM
early
histoeurotransmission (Verderio et al., 1995; Scholz and Miller,
s of reproduction in any form reserved.
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591Calcium Channels in Hippocampal NeuronsFIG. 8. Different contributions of N-type calcium channels in presynaptic terminals and cell bodies during maturation of synaptic
contacts. (a) Synaptic contacts formed by a single neuron grown in a microisland containing actively recycling synaptic vesicles. The neuron
has been exposed to antibodies directed against the intravesicular domain of synaptotagmin, which are internalized during the fusion of the
vesicles with the plasma membrane (Matteoli et al., 1992). Calibration bar, 8 mm. (b) The autaptic current (elicited by a short 1.75-ms
voltage jump from 260 to 140 mV) is completely and reversibly blocked by the glutamate receptor antagonists APV (100 mM) and CNQX
20 mM). (c) Percentages of block produced by 1 mM v-Cgtx-GVIA on the excitatory autaptic currents (EACs, left histogram) and somatic
calcium currents (ICa, right histogram) at early and late stages of development in culture. (d and e) Representative EACs (left) recorded after
brief (1.75-ms) depolarization step to 140 mV, and somatic calcium currents (right), elicited at 210 mV of depolarization from a
reconditioning potential of 2100 mV (holding potential 260 mV), recorded in the same neuron. The currents were recorded before and
fter the application of 1 mM v-Cgtx-GVIA at early (d) and late (e) stages of development.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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592 Pravettoni et al.1995). Taken together, these findings suggest that a switch
in the population of calcium channels controlling neuro-
transmitter release takes place during neuronal develop-
ment, with N-type channels playing a prominent role at
immature stages and P/Q-type channels at mature stages.
This switch could be triggered by a spatial redistribution of
different calcium channel populations toward or away from
synaptic sites or by a fine relocation of the channels in
specific subcellular regions within the nerve terminal. In
single calyx type synapses in the rat medial nucleus of the
trapezoid body, it has been found that the different effec-
tiveness of specific calcium channels in controlling neuro-
transmitter release is not due to differences in their kinetic
properties, but depends on the precise localization of a
specific channel at the release site (Wu et al., 1999).
These data raise the question as to which mechanisms
ontrol the sorting and delivery of calcium channels to
pecific plasma membrane compartments. In hippocampal
eurons, N-type channels appear to follow a redistribution
oute that is similar to that followed by glutamate recep-
ors, which are expressed from the early developmental
tages during which they are widely distributed in all
euronal compartments, including the axon (Craig et al.,
FIG. 9. Functional distribution of L-type and N-type calcium chan
not N-type calcium channels are present at stage 2 in the cell body a
(stage 3), L-type channels are excluded from the axon, which can
N-type calcium channels appear to be functionally expressed along
polarity, N-type channels are excluded from the axon and sorted to
of N-type calcium channels at the growing tip of the axons of ful
parallel increase in the N-type channel contribution occur in the s993; Verderio et al., 1994) but, when neurons establish a
Copyright © 2000 by Academic Press. All rightlear axodendritic polarity and form synaptic contacts,
ecome restricted to the somatodendritic plasma mem-
rane (Craig et al., 1993; Verderio et al., 1994). On the other
and, functional L-type channels appear to be largely ex-
luded from the axon as soon as this process starts differ-
ntiating and, in this respect, behave similar to the neuro-
al glutamate transporter EAAC1, whose distribution is
estricted to the somatodendritic compartment from the
ery early stages of neuronal development (Coco et al.,
997). It therefore seems that different mechanisms may be
nvolved in the sorting and/or stabilization of N-type and
-type calcium channels in different plasma membrane
omains. Although the specific cell mechanisms involved
n this process have not been defined, it can be speculated
hat interactions between calcium channel subunits and
pecific proteins may direct the localization of the channel
n the membrane. It has been shown that the b subunit of
calcium channels acts as a chaperone by directing the
translocation of a subunits to the plasma membrane (Brice
et al., 1997; Chien et al., 1998; Gao et al., 1999), and it is
interesting to note that structure prediction methods have
established that the b1b subunit has a domain structure
with PDZ-like and SH3 domains (Hanlon et al., 1999).
during development in cultured hippocampal neurons. L-type but
eveloping neurites. As soon as the axon forms and starts elongating
entified by the specific sorting of synaptic vesicles. At this stage,
ntire neuronal surface. Later (stage 4), when neurons acquire a clear
somatodendritic compartment. Nevertheless, note the persistence
larized neurons. A reduction in L-type channel expression and a
todendritic region during neuronal differentiation.nels
nd d
be id
the e
the
ly poThese data raise the possibility that the b subunit of
s of reproduction in any form reserved.
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tions that could be responsible for the localization and,
possibly, the stabilization of the channel on the plasma
membrane. Alternatively, the marked exclusion of L-type
channels from the axonal compartment could be triggered
by more general mechanisms occurring in the nascent axon,
such as those involving the modification of the
microtubule-based cytoskeleton (Mandell and Banker,
1996).
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